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European Research Council Project BiosensorImaging, Leibniz-Institut fu¨r Molekulare Pharmakologie (FMP), Berlin, GermanyABSTRACT We present a highly sensitive nuclear-magnetic resonance technique to study membrane dynamics that
combines the temporary encapsulation of spin-hyperpolarized xenon (129Xe) atoms in cryptophane-A-monoacid (CrAma) and
their indirect detection through chemical exchange saturation transfer. Radiofrequency-labeled Xe@CrAma complexes exhibit
characteristic differences in chemical exchange saturation transfer-driven depolarization when interacting with binary
membrane models composed of different molecular ratios of DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) and POPC
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine). The method is also applied to mixtures of cholesterol and POPC. The
existence of domains that fluctuate in cluster size in DPPC/POPC models at a high (75–98%) DPPC content induces up to a
fivefold increase in spin depolarization time t at 297 K. In POPC/cholesterol model membranes, the parameter t depends lin-
early on the cholesterol content at 310 K and allows us to determine the cholesterol content with an accuracy of at least 5%.INTRODUCTIONThe properties of plasma membranes vary widely between
different cell types, and even within a single cell, the
phospholipid distribution is inhomogeneous (1). Diverse
methods have been developed to study the structure and dy-
namics of membranes. Those methods include, for example,
fluorescence techniques (2), differential scanning calorim-
etry (3), freeze-fracture electron microscopy (4), atomic
force microscopy (5), electron spin resonance (6), and nu-
clear magnet resonance (NMR)-based methods (7). NMR
studies benefit from the molecular-specific signature of the
acquired signal and take advantage of the detectable nuclei
1H, 2H, 13C, 15N, or 31P and exploit differences in either
1. T1 or T2 relaxation times,
2. Chemical shift anisotropy,
3. Isotropic chemical shift, or
4. Order parameters of 13C-1H or 13C-2H bonds.
To obtain sufficient signal from nuclei that have low natural
abundance, such as 2H or 13C, the phospholipids must be
isotope-labeled. Additionally, selective labeling must be
used to prevent undesirable background from these atoms
in the acyl chains or in the headgroup of the phospholipids.
The isotope 129Xe (spin 1/2) is also detectable by NMR
and is not naturally present in biological tissue. Chemically
inert Xe atoms have a high affinity for the hydrophobic core
of phospholipid bilayers (8) and it has been demonstrated
that hyperpolarizing Xe provides sufficient signal that it
can be utilized to discriminate between different types
of cells (9), presumably due to their different membraneSubmitted October 18, 2013, and accepted for publication January 31,
2014.
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0006-3495/14/03/1301/8 $2.00composition. The complexity of biological membranes
makes their direct investigation difficult. Artificially pre-
pared membranes are much easier to examine, yet are still
excellent models of biomembranes (10), leading to their
extensive use. These model membranes have the advantage
that they are, for example, more robust, better manageable,
and can be consistently prepared.
Like Xe atoms, hydrophobic cryptophane-A-monoacid
(CrAma) readily partitions into lipid bilayers. Together
with Xe it can be used as a biosensor for the presence of
phospholipids (11) and can even discriminate between
different types of liposomes, where model membranes of
unsaturated POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine) and saturated DPPC (1,2-dipalmitoyl-sn-
glycero-3-phosphocholine) have shown efficient uptake of
such Xe hosts (12). Lipid bilayers of POPC and DPPC are
useful membrane models, as phosphocholines with carbonyl
chains of 16 and 18 carbon atoms are the most abundant
lipid species in mammalian cells (1).
The chemical exchange saturation transfer technique
using hyperpolarized nuclei (Hyper-CEST) (13) takes
advantage of the temporary encapsulation of hyperpolarized
Xe atoms in the CrAma hosts (of approximately several mil-
liseconds) to enhance the detection of the hosts by up to a
factor of 103. The encapsulated Xe atoms are depolarized
in a controlled manner using a frequency-selective satura-
tion pulse. The induced signal loss can be detected indi-
rectly by monitoring a change of net magnetization of
the much larger spin pool of Xe atoms in aqueous solution
(Xe@aq in Fig. 1 a). Due to this effective amplification
via Hyper-CEST, it is possible to detect CrAma down to fem-
tomolar concentrations in NMR spectroscopy (14,15) and
nanomolar concentrations in magnetic resonance imaging
applications (16).http://dx.doi.org/10.1016/j.bpj.2014.01.041
020406080100120140160180200
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FIGURE 1 (a) 129Xe-NMR-spectrum of 1.5 mM POPC and 50 mM
CrAma at 277 K (number of averages N ¼ 32). Four of the five Xe pools
are detected: Xe in gas phase (0 ppm), Xe@CrAma@aq (~60 ppm),
Xe@CrAma@lipid (~70 ppm), and Xe@aq (~195 ppm). Xe@lipid usually
overlaps with Xe@aq and is not separable. (b) Chemical structure of
CrAma. Also depicted are the difference between the premixed and mixed
model membranes. To see this figure in color, go online.
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pure DPPC, the Hyper-CEST effect was larger for POPC
than for DPPC, which was attributed to the different
ordering states of the phospholipids (17). This was used to
generate novel contrast in magnetic resonance images by
analyzing the controlled depolarization due to CEST using
an inverse Laplace transform, which we call depolarization
Laplace transform analysis (DeLTA). DeLTA has the advan-
tage that no assumption concerning the number of decay
processes is needed when analyzing possible multiexponen-
tial decays. Here we extend DeLTA to liposomes of defined
mixed compositions.
Binary DPPC/POPC mixtures can be organized into a
liquid-disordered (Ld) phase, a solid-ordered (So) phase, or
in a phase where both coexist (Ld þ So) as a function of theBiophysical Journal 106(6) 1301–1308concentration ratio and the temperature (3,18) (for a DPPC/
POPCphase diagram, see Fig. S1 in the SupportingMaterial).
The Ld phase is characterized by a disordered fluid state, in
which the lipids are loosely packed and have a high lateral
mobility. In the So phase (below 314 K for pure DPPC) the
phospholipids are tightly packed, ordered, and have less
lateral motion. Recently, Svetlovics et al. (19) observed in ex-
periments and Monte Carlo simulations not only phase sepa-
ration but also remarkable fluctuations in domain size in the
Ldþ So coexistence phase inDPPC/POPCmodelmembranes.
In this work, we also found indications for the existence
of fluctuation in cluster size of the domains in the Ld þ So
coexistence phase using DeLTA. Furthermore, we demon-
strate the capability of DeLTA to obtain information about
the DPPC/POPC ratio in liposomes and to discriminate
the cholesterol level of lipid bilayers. The results of the
latter experiment are compared to fluorescence anisotropy
measurements of POPC/cholesterol membrane models.MATERIALS AND METHODS
POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine), DPPC (1,2-
dipalmitoyl-sn-glycero-3-phosphocholine), and a mini-extruder were pur-
chased from Avanti Polar Lipids (Alabaster, AL). Cholesterol and all other
chemicals were purchased from Sigma-Aldrich (Steinheim, Germany).
The gas mixture used for Xe measurements was 5% Xe (natural abundance,
~26% 129Xe), 10% N2, and 85% He (Praxair, Biebesheim, Germany).Liposome preparation
Liposomes were prepared using extrusion (20) as follows: 25 mg/mL
POPC, DPPC, and cholesterol were dissolved in MeOH/CHCl3 (1:1). The
solutions were mixed to yield the desired molar concentration ratio and
the organic solvents were removed in a rotary evaporator (RV 10; IKA,
Staufen, Germany) at 40 rpm and 333 K. High-vacuum (103 mbar) was
applied for at least 6 h to remove any possible remaining solvents resulting
in a dry, thin lipid film on the glass wall. After hydrating for 15 min with
1.0 mL buffer (10 mMHEPES, 100 mMNaCl, pH 7.3), at 333 K the result-
ing suspension was subjected to five freeze-thaw cycles (liquid N2 to 333 K
water bath). The obtained suspension was pushed 17 times through polycar-
bonate membranes (100-nm pore size) using a mini-extruder with heating
block (333 K) to obtain homogeneously sized unilamellar vesicles. The
size of the vesicles (975 26) nm was measured by dynamic light scattering
and the concentration of each stock solution was determined via the Stewart
assay (21).Xenon hyperpolarization
Approximately 25% Xe spin hyperpolarization was obtained using
a continuous flow through a custom-designed polarizer (22) via spin
exchange optical pumping with rubidium atoms (129Xe flow through cell:
6.47 103 slm(129Xe)). The electrons of the rubidium atoms were excited
using a 150 W continuous-wave diode-laser (795 nm, 0.5-nm bandwidth) at
an absolute pressure of 4.5 bar.NMR setup and Hyper-CEST experiments
NMR experiments were performed using a 9.4 T NMR spectrometer
(Bruker Biospin, Ettlingen, Germany). A 10-mm inner diameter double-
resonant probe for 1H and 129Xe was used for both excitation and detection.
Investigating Membrane Dynamics Using 129Xe-NMR 1303Using the spectrometer’s temperature control unit, the samples were main-
tained at 297 K for the DPPC/POPC experiment and at 310 K for the POPC/
cholesterol experiments. For all experiments, a lipid concentration of
200 mM and CrAma concentration of 5 mM was used. Before acquiring
each data point of a CEST-spectrum, freshly hyperpolarized Xe gas was
bubbled for 15 s at 1.85  103 slm(129Xe) into solution (1.5 mL) inside
a 10-mm NMR tube kept under 4.5 bar absolute pressure followed by a
2-s delay to allow remaining bubbles to collapse. The bubbling does not
change the sample’s target temperature (see Section S3 in the Supporting
Material). Each data point of a CEST-spectrum was acquired by irradiating
a 10-mT saturation pulse at the desired frequency that lasted for 5 s (8 s in
experiments with cholesterol), after which Mz of the Xe@aq resonance
(110.7046 MHz ¼^ 193.3 ppm) was read out. Normalization in all experi-
ments was obtained by dividing Mz by Mz0, which is the signal of
Xe@aq after off-resonant irradiation (at 315.3 ppm). Sweeping the satura-
tion pulse over a frequency range yields an entire CEST-spectrum. The res-
onances in the CEST spectra were fitted in the software MATLAB (The
MathWorks, Natick, MA) using exponential Lorentzians (ExpLor) (23),
ExpLorðdÞ ¼ exp
"
 2A
p
g2
4ðures  dÞ2 þ g2
#
; (1)
in which d is the chemical shift, g is related to the width of the resonance in
the CEST-spectrum,ures is the resonance frequency of Xe@CrAma either in
aqueous solution or in lipids, and the remaining on-resonant (ures ¼ d)
magnetization Mz/Mz0 is determined via parameter A (17). For the DeLTA
experiments, the saturation pulse was set to the Xe@CrAma@lipid reso-
nance frequency determined from the CEST spectra and varied from
104 to 20 s. The obtained controlled depolarization curves were analyzed
using an inverse Laplace transform algorithm based on the MATLAB
routine rilt.m (24), which yielded the depolarization time constants t.
Therein the smoothing parameter a was set to 0.005. The depolarization
time distribution was determined using 120 points logarithmically spaced
to cover a large range from 1 to 100 s and fitted with a lognormal distribu-
tion. For details concerning the complete algorithm, see Schnurr et al. (17).
The performance of DeLTA on simulated data with different noise levels is
shown in the Supporting Material.Fluorescence anisotropy experiments
Fluorescence anisotropy is defined as hri ¼ (Ijj  GIt)/( Ijj þ GIt) (2),
where Ijj and It are the intensities of detected parallel and perpendicular
polarized light compared to the irradiated linear polarized light. The G-fac-
tor (0 < G < 1) is the ratio of sensitivities of the detection system for
parallel and perpendicular polarized light, and has to be measured before
each experiment to compensate for sensitivity differences between the
two detectors. Measurements with DPH (1,6-diphenyl-1,3,5-hexatriene,
from Sigma-Aldrich, Steinheim, Germany) were performed on a FP-6500
spectrofluorometer (JASCO Labor-und Datentechnik, Gross-Umstadt,
Germany) equipped with excitation and detection linear polarization filters
(excitation wavelength: 357.7 nm; detection wavelength: 426.0 nm; both
slits: 10 nm; integration time: 1 s; three averages per sample) at 310 K.
The model membranes (200 mM in buffer) were incubated with 2 mM
DPH for at least 12 h. Samples were heated up to 310 K for at least
30 min before the measurements.RESULTS AND DISCUSSION
DPPC/POPC mixtures
We studied various mixtures of DPPC/POPC liposomes as
model membrane systems using Hyper-CEST spectroscopy
and DeLTA. In the first experiment, we mixed DPPC andPOPC in different molar ratios before preparing the lipo-
somes (in the following called ‘‘premixed liposomes’’; see
Fig. 1 b). In the second experiment, we titrated pure
POPC liposomes into a solution containing pure DPPC lipo-
somes (in the following called ‘‘mixed liposomes’’; see
Fig. 1 b). All solutions, including the titrated one, contained
5 mM CrAma.Premixed DPPC/POPC liposomes
Hyper-CEST spectra
The CEST spectra of Xe encapsulated in CrAma interacting
with premixed DPPC/POPC liposomes at different molar
ratios are shown in Fig. 2 a. The Xe@CrAma@aq resonance
at 62 ppm was similar in all CEST spectra. The unvarying
chemical shift of this resonance confirms that the tempera-
ture was the same in all experiments. The slightly lower
Mz/Mz0 with lower DPPC content is due to spillover from
the Xe@CrAma@lipid resonance.
The CEST resonances of Xe@CrAma@lipid at 73 ppm
were different for different DPPC/POPC ratios. For 100%
DPPC, with the membrane being in the So phase, Mz/Mz0
was lower than for a DPPC concentration of 98, 95, 91, and
83%, which yielded the weakest CEST responses (larger
Mz/Mz0). For DPPC concentrations<77%,Mz/Mz0 decreased
monotonically as the DPPC concentration decreased. We
assume that the remarkably weak CEST-resonances for
DPPC concentrations between 83 and 98% were due to the
formation of lipid rafts with fluctuating domain size in the
So þ Ld phase, as observed by measuring and simulating
the heat capacity of the DPPC/POPC bilayer (19).
DeLTA
As shown before by Schnurr et al. (17), we can obtain addi-
tional information about the Xe@CrAma@lipid resonance
using DeLTA by keeping the saturation frequency fixed at
the Xe@CrAma@lipid resonance and varying the saturation
pulse length tsat. The resulting depolarization processes are
shown in Fig. 2 b. Analyzing those depolarization processes
using an inverse Laplace transform gives a single depolari-
zation time for each DPPC/POPC ratio (Fig. 3, two columns
to the left). The maxima of the continuous depolarization
time distributions are the depolarization times t (plotted
as red circles in Fig. 4). The depolarization at a concentra-
tion of 100% DPPC (t ¼ (14.25 0.7) s) was up to a factor
4.8 faster than the depolarization in liposomes containing a
small amount of POPC (98, 95, 91 and 83% DPPC), e.g.,
t ¼ (69.15 2.7) s at 98%. We hypothesize that the strong
increase in depolarization time was caused by fluctuations in
cluster size of the domains, which might have perturbed Xe
diffusion and exchange in and out of CrAma, thus resulting
in an inefficient CEST-effect.
For decreasing DPPC concentrations below 77% the depo-
larization became significantly faster, where t¼ (2.35 0.1) sBiophysical Journal 106(6) 1301–1308
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FIGURE 2 CEST spectra of 5 mM CrAma with
200 mM premixed liposomes (a) and mixed lipo-
somes (c) at different DPPC/POPC concentration
ratios at 297 K. The corresponding depolarization
processes when applying a saturation pulse of var-
iable length at the Xe@CrAma@lipid resonance at
73 ppm are shown in panels b and d. (Circles) Data
points; (solid lines) fits of the CEST spectra and of
the depolarization processes obtained via DeLTA.
The first five data points of 98% DPPC in panel
b were not used in the DeLTA. To see this figure
in color, go online.
1304 Schnurr et al.was the fastest for pure POPC. The ~6-times faster depolari-
zation time in POPC liposomes compared toDPPC liposomes
is in very good agreement with our former experiments (17),
although the absolute timeswere different, whichwe attribute
to the different temperature used. The fast depolarization
process attributed to POPC was already strongly dominant
below 77% DPPC, where t% (6.15 0.4) s. This suggests
that below 77%DPPC, stable liquid POPC domains of decent
size were formed that were dominating the depolarization
process and made the remaining DPPC contribution negli-
gible. This domination might be due either to a higher local
concentration of CrAma or a faster exchange rate of Xe atoms
in and out of CrAma in these liquid domains. In addition to the
very high depolarization times at high DPPC concentrations
(except 100%), it is also interesting that only one depolariza-
tion timewas found even though domains of different fluidity
should coexist (3). Presumably the timescale of the saturation
pulse on the order of seconds is much longer than it should
take for Xe atoms and CrAma to diffuse in between the
domains, and, therefore, no biexponential depolarization
process could be detected, which would present the two
coexisting phases. However, to our knowledge, diffusion
constants of Xe or CrAma have not yet been measured in lipid
bilayers.Mixed DPPC/POPC liposomes
Hyper-CEST spectra
At 297 K, pure DPPC or POPC liposomes are far from the
phase transition (So / Ld), which takes place at 314 KBiophysical Journal 106(6) 1301–1308for DPPC and 271 K for POPC. Furthermore, in lipid bila-
yers of only one type of phospholipid, no lipid rafts should
be formed. We mixed solutions of pure DPPC and POPC
liposomes at different molar ratios: first to check if the
Hyper-CEST technique is able to sense two different lipids
in a solution simultaneously, and second as a control exper-
iment for the phase transition and the fluctuations detected
in the premixed liposomes.
The CEST resonances for different DPPC concentrations
of Xe@CrAma@aq at 62 ppm in Fig. 2 c again look very
similar in all spectra. Additionally, they behaved very similar
to the Xe@CrAma@aq resonances in Fig. 2 a, including the
spillover of the broad Xe@CrAma@lipid resonance affecting
the Xe@CrAma@aq resonance at low DPPC concentrations.
However, this time the order of the Xe@CrAma@lipid reso-
nanceswas different compared to the resonances of premixed
liposomes:Mz/Mz0 decreasedmonotonically with decreasing
DPPC content. Together with the experiment of the pre-
mixed liposomes, this indicates that no phase transition
was detected. The deviation by ~5% at the resonances’
minima of the two CEST spectra of pure DPPC in the pre-
mixed and mixed DPPC/POPC liposomes is most likely
due to sample preparation. However, qualitatively this does
not change the order of the CEST responses.
DeLTA
The corresponding depolarization processes of the
Xe@CrAma@lipid resonance are shown in Fig. 2 d. The
same strictly monotonic decreasing behavior was found
for the depolarization times (Fig. 4) gained from the inverse
Laplace transforms (Fig. 3, two columns to the right). From
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Investigating Membrane Dynamics Using 129Xe-NMR 1305this monotonicity, we assume that the different liposomes
did not fuse (which might be induced by the bubbling of
the gas mixture into the solution) and, as expected, no phase
transition was detected.
Interestingly, for highDPPCcontents (R77%), the inverse
Laplace transform yielded only one depolarization time t,
whereas, with further decreasing DPPC content (71, 59,
50%), DeLTA yielded a second t-component (represented
in light blue and dark blue in Fig. 4). The detected biexponen-
tial behavior agrees with previous experiments (17) when
detecting pure POPC and pure DPPC liposomes in spatially
separated compartments. However, in the study presented
here, the two depolarization times were shifted compared
to t of pure DPPC and t of pure POPC. The slower one, t2,
did not fit as well to t of pure DPPC as t1 fitted to t of pure
POPC. Due to the absence of a physical separation of the
two phospholipids, Xe and CrAma had access to both types
of phospholipids with which to interact.This explains why:
1. The integrals of the peaks’ intensities of the depolariza-
tion times in Fig. 3 do not represent the concentration
ratio of the phospholipids in solution, and
2. The net effect was dominated by the more efficient
depolarization process in POPC.
With more quantitative knowledge about the partitioning
and the Xe exchange in the different bilayers, one might
be able to determine the concentration ratio. By extending
the maximal saturation time up to a few t of pure DPPC,
one might resolve the DPPC-related depolarization better
and with more accuracy when it has to compete with t
of pure POPC. That only a single, intermediate depolariza-
tion time is detected over a large range of DPPC/POPC
concentration, might be caused by Xe atoms that travel
during one saturation pulse from a POPC liposome to a
DPPC liposome.Biophysical Journal 106(6) 1301–1308
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In addition to an Ld and So phase, a liquid-ordered (Lo) phase
can exist in lipid bilayers (25). For example, incorporating
cholesterol in POPC bilayers increases the ordering of the
acyl chains (26) and promotes the formation of the Lo phase,
which implies a reduction in the passive permeability of lipid
bilayers (27). However, this ordered phase possesses a high
lateral mobility, as does the Ld phase in pure POPC lipo-
somes, and is therefore called the Lo phase (18,28). Although
different studies yielded slightly different results (29), basi-
cally, at 310 K, a cholesterol concentration of <15% results
in an Ld phase. At ~15–45%, the Ld and Lo phases coexist,
whereas at higher cholesterol concentrations, only the Lo
phase is present. When both phases coexist simultaneously,
lipid rafts of the Lo phase are formed (30,31).
Hyper-CEST spectra and DeLTA
We investigated the influence of cholesterol content of
POPC bilayers (in the biologically relevant range of 0–
50%) on the Xe@CrAma@lipid resonance using CEST
spectroscopy (see Fig. 5, acquired at 310 K). The CEST res-
onances at 70 ppm were from Xe@CrAma@aq, and the ones
at ~77 ppm arose from Xe@CrAma@lipid. The latter CEST
resonances clearly became weaker with increasing choles-
terol level. The Xe@CrAma@aq resonance was completely
saturated for all measured cholesterol levels with the satura-
tion power and saturation time used. However, the reso-
nance’s right shoulder did not change with changing the
cholesterol level as much as the Xe@CrAma@lipid reso-
nance, from which we conclude that the Xe@CrAma@aq
resonance did not change significantly. The broad overlapBiophysical Journal 106(6) 1301–1308of the two resonances was due to the fast exchange of Xe
atoms at 310 K (11,15,32). Further effects caused by raising
the temperature from room temperature to 310 K were:
1. Mz/Mz0 of Xe@CrAma@aq got lower than Mz/Mz0 of
Xe@CrAma@lipid, and
2. Both resonances were shifted downfield, whereas the
chemical shift of the Xe@CrAma@aq resonance was
more sensitive to a change in temperature than the chem-
ical shift of the Xe@CrAma@lipid resonance (62/ 70
ppm and 74/77 ppm, respectively).
The trends are consistent with previous Xe-biosensor data
taken of pure POPC and DPPC liposomes (12).
In addition to the CEST spectra, we also applied variable
length saturation pulses to the Xe@CrAma@lipid resonance
and performed DeLTA (inset in Fig. 5) as in the previous
experiments. We verified the accuracy and reproducibility
of the method by repeating each measurement three times.
A single maximum in the depolarization time distribution
was found using DeLTA. The corresponding depolarization
times are plotted in Fig. 6 a. The depolarization times range
from (2.4 5 0.2) for pure POPC to (8.9 5 0.3) s for 50%
cholesterol, and seem to depend linearly on the cholesterol
content. Taking the error bars into account, it should be
possible to discriminate the amount of cholesterol in
POPC liposomes with an accuracy of at least 5%.
Fluorescence anisotropy
Steady-state fluorescent approaches such as fluorescence
anisotropy (hri), using DPH as a fluorescent probe, are
well-established methods to obtain information concerning
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FIGURE 6 (a) Depolarization times of the depolarization processes for
the POPC/cholesterol liposomes shown in Fig. 5. The depolarization time
appears to depend linearly on the cholesterol level in the measured range.
From the relatively small error bars the cholesterol level can be determined
with an accuracy >5% (gray arrows). The error bars represent the standard
deviation when analyzing the three depolarization processes from Fig. 5. (b)
Corresponding fluorescence anisotropy measurements. In both plots the
adjusted R2 values of the linear fits are given. (c) Hyper-CEST method is
compared with the fluorescence anisotropy method (both normalized to
their maximum) yielding a linear dependence of y ¼ (0.03 5 0.09) þ
(1.045 0.14)x. To see this figure in color, go online.
Investigating Membrane Dynamics Using 129Xe-NMR 1307the fluidity of membranes (2). The higher the fluidity of a
membrane, the higher the rotational diffusion rate of the
fluorescent probe, which exhibits a faster decay of hri.
Hence, hri is sensitive to the packing of the acyl chains of
phospholipids and cholesterol, and can therefore also be
used to sense the presence of cholesterol.
The measured hri of the different POPC/cholesterol lipo-
somes is shown in Fig. 6 b. Both the depolarization times
and hri appear to increase linearlywith increasing cholesterol
content, and are qualitatively in very good agreement towhat
has been measured at 296 K in Arora et al. (33) using DPH or
at 313 K in ReyesMateo et al. (28) using trans-parinaric acid
as a fluorescent probe. However, the noise of the Hyper-
CEST data (adjusted R2 ¼ 0.99) is smaller compared to the
measurements of hri (adjusted R2¼ 0.88). Fig. 6 c compares
the sensitivities of both methods. The linear fit yields for the
y axis intercept 0.035 0.09 and 1.045 0.14 for the slope.
The slope (z1) illustrates that the two methods possess
similar sensitivities by covering a similar dynamical range.CONCLUSIONS
In this study, we demonstrated that it is possible to
obtain information related to the composition of DPPC/POPC and POPC/cholesterol model membranes using
Hyper-CEST and DeLTA NMR experiments. The results
are in good agreement with studies performed on the same
model systems using other, established methods. We have
shown that with the Hyper-CEST technique it is possible
to discriminate the different compositions of the model
membranes. In all presented experiments, acquiring the
depolarization curves and analyzing them using an inverse
Laplace transform yielded additional information that was
not accessible using only a CEST-spectrum. For example,
we saw evidence that supports the presence of domains
that fluctuate in cluster-size close to the phase transition
(Ld þ So/ So) in DPPC/POPC liposomes, as reported by
Svetlovics et al. (19). In addition to that, we could discrim-
inate the cholesterol content of liposomes with an accuracy
of 5%. The concentrations of both lipids and CrA used in
the experiments were low compared to other NMR studies,
which have to use at least mM concentrations (7). Neverthe-
less, the concentrations used not only yielded sufficient
signal but can be pushed further before the detection limit
is reached. Furthermore, no chemical synthesis or isotope
labeling, with, for example, 13C, is necessary to introduce
a highly sensitive NMR label into membranes. Therefore,
we envision that NMR using hyperpolarized 129Xe will
become an integral part of future biomembrane studies,
especially when studying systems to which optical ap-
proaches are not applicable due to their limitation in pene-
tration depth.SUPPORTING MATERIAL
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